Rationale Compulsive symptoms develop in patients exposed to pramipexole (PPX), a dopaminergic agonist with high selectivity for the D3 receptor. Consistently, we demonstrated that PPX produces an exaggerated increase in contrafreeloading (CFL) for water, a repetitive and highly inflexible behavior that models core aspects of compulsive disorders. Objectives Given the role of the hippocampus in behavioral flexibility, motivational control, and visuospatial working memory, we investigated the role of hippocampus in the expression of PPX-induced CFL. To this aim, rats were subjected to CFL under chronic PPX, and then examined for the electrophysiological, structural, and molecular properties of their hippocampus. Methods We measured long-term potentiation (LTP) at CA1 Schaffer collaterals, dendritic spine density in CA1 pyramidal neurons, and then glutamate release and expression of pre and postsynaptic proteins in hippocampal synaptosomes. The effects of PPX on hippocampal-dependent working memory were assessed through the novel object recognition (NOR) test.
Introduction
Contrafreeloading (CFL) is a phenomenon that occurs when subjects work for a resource that is otherwise available at no behavioral cost. Although the claim that CFL has an adaptive function may appear counterintuitive, data showing that CFL is highly preserved across species (Singh 1970; Tarte 1981; McGowan et al. 2010; Ogura 2011) supports the view that this behavior serves a specific evolutionary function. Within this framework, the information primacy theory of CFL (Inglis and Ferguson 1986) posits that subjects placed in uncertain Electronic supplementary material The online version of this article (doi:10.1007/s00213-015-4150-4) contains supplementary material, which is available to authorized users. environments keep working for the resource in spite of exploiting the free access because the latter could suddenly become unavailable. Alternatively, the competence theory points to the self-reinforcing properties of behaviors oriented toward controlling and modifying the environment. As far as working for a resource is a way to exert control over foraging, individuals are expected to be motivated to select this option (White 1959) .
Although spontaneous CFL is attenuated by domestication (Schutz and Jensen 2001) , we have been successful in reproducing this behavior in the laboratory rat. In particular, we repeatedly found that when water-deprived rats are given the choice between responding for water (contingent access) and having it for free (noncontingent access), they exhibit CFL. Interestingly, CFL is sensitive to dopaminergic manipulations as both the dopaminergic D2-preferring agonist quinpirole (QNP) or the D3-preferring agonist pramipexole (PPX) strongly facilitate CFL by unbalancing the choice of animals toward the contingent access (Cioli et al. 2000; Schepisi et al. 2013) . Nevertheless, while spontaneous CFL flexibly adapts to changing reinforcement contingencies (Osborne 1977) , CFL induced by dopaminergic drugs is insensitive to manipulation of behavioral cost (Milella et al. 2008) or reinforce palatability (Amato et al. 2006) . Moreover, the finding that not all the water gained is actually consumed by QNP-or PPX-treated rats indicates that CFL is no longer focused on resource achievement (De Carolis et al. 2011; Schepisi et al. 2013) . Taken together, these results suggest that CFL induced by dopaminergic drugs models some key hallmarks of the obsessive-compulsive disorder (OCD) in that the contingent response is excessive, time consuming, and disconnected to the outcome it is performed for. Our findings are in line with the notion that dopaminergic stimulation enhances compulsive drinking during schedule-induced polydipsia (SIP), a reliable model of OCD whereby rats drink in excess of need following intermittent food presentation (Platt et al. 2008; Moreno and Flores 2012; Hawken and Beninger 2014) .
The translational value of compulsive CFL was strengthened by findings showing that PPX, which potentiates CFL in rats (Schepisi et al. 2013) , induces compulsive behaviors in humans (Weintraub et al. 2010; Moore et al. 2014) . Moreover, the finding that QNP-and PPX-induced CFL is suppressed by drugs that enhance the serotoninergic tone, such as clomipramine, or by the 5HT2c antagonist SB242084 (De Carolis et al. 2011; Schepisi et al. 2013) confers to CFL a solid OCD predictive validity (D'Angelo et al. 2013; Alonso et al. 2015) .
In the search for a common psychobiological substrate for OCD and excessive CFL, the hippocampus deserves high consideration. For example, ablation of the hippocampus induces behavioral effects that are consistent with a loss of response flexibility and goal directedness. When tested in a fivechoice reaction time paradigm, hippocampus-lesioned rats persist in responding on the lever rather than collecting the reward, so that a dissipative behavior develops (Chudasama et al. 2012) . Similarly, a tendency to perseverate on a previously selected response has been observed following hippocampal lesions in the three-choice discrimination task (Kosaki and Watanabe 2012) .
Interestingly, the hippocampus is a node area for memory processing (Eldridge et al. 2000) , and memory biases seem to have a role in the symptomatology of specific subgroups of compulsive patients (Ceschi et al. 2003; Radomsky et al. 2006; van den Hout and Kindt 2003) . More specifically, considering that the CA3-CA1 circuit is critically involved in novelty detection (Lisman and Grace 2005) , impairment of this process may affect the amount of information rats are exposed to, thus facilitating selection of the less predictable access to the resource in conditions of choice.
Altogether, these data strongly suggest that PPX-induced CFL associates with a decreased hippocampal function, which might account for the compulsive over selection of the contingent access. To test this hypothesis, we measured the impact of PPX-induced CFL on neural and structural plasticity, expression of pre and postsynaptic proteins at CA1 synapses, and synaptic glutamate release in the hippocampal region. In addition, we controlled the effect of PPX on hippocampaldependent memory by testing rats in a novel object recognition (NOR) task.
Materials and methods

Animals
Experiments were carried out in adult male Sprague Dawley rats purchased from Charles River Laboratories (Milan, Italy). Body weights ranged between 175 and 200 g upon arrival (see Supplemental materials and methods for details on animal care). All experiments were carried out in accordance with the international guidelines on the ethical use of animals described in the European Communities Council Directive (86/ 609/EEC).
Drugs
Rats received daily administration of pramipexole dihydrochloride (Tocris Bioscience, Bristol, UK) 0.5 mg/kg or vehicle (saline: 0.9 % NaCl in water) at a volume of 1 ml/kg for 15 consecutive days. Drugs were intraperitoneally (i.p.) injected immediately before testing. The dose of 0.5 mg/kg for PPX was selected based on our previous work (Schepisi et al. 2013 ).
Contrafreeloading task
Seventy-eight rats were used for the CFL task (see Cioli et al. 2000 and supplemental materials for detailed description of the task). Briefly, water-deprived rats were trained to lever press for water under a fixed ratio 1 schedule of reinforcement (FR1) that was increased up to FR3. When stable responding was established, rats were randomly assigned to receive PPX or saline (n=39/group). The task consisted in two consecutive phases: during the operant phase (day 1 to 6), water was only provided through lever pressing, while in the choice phase (day 7 to 20), water was also freely available through a bottle located in the testing cage. Treatments were administered daily just before the beginning of the session. Rats were sacrificed after 7 or 14 days following the choice phase for electrophysiological, western blots, and dendritic spine counting experiments.
Electrophysiology
Rats (N = 15) were deeply anesthetized with halothane (Sigma-Aldrich, Milan, Italy) and were killed by decapitation. Brains were removed and dissected for electrophysiological experiments, (see Supplemental Materials and Methods for details on slice preparation). Field excitatory postsynaptic potentials (fEPSP) were evoked with a bipolar electrode stimulating the Schaeffer collaterals. Extracellular recording electrodes filled with 3 M NaCl were placed in the stratum radiatum of the CA1 region of the hippocampus. An inputoutput curve was determined by plotting the fiber volley amplitude against the slope of the EPSP. Paired-pulse ratio (PPR) was constructed by delivering paired stimuli over an increasing range of interstimulus intervals (20-50-100-200-300-500 ms) at a stimulus intensity that elicited a half-maximal response. A baseline was established with test pulses adjusted to evoke 50 % of the maximal response. Long-term potentiation (LTP) was induced by high-frequency stimulation (HFS; 100 Hz for 1 s), and fEPSP was followed for 1 h. The mean EPSP amplitudes of the last 10 min of recording were used for statistical comparison.
Spine density analysis
For spine density analysis, PPX-and vehicle (VEH)-treated rats were compared to a group of age-matched untrained male rats (naïve group). Rats (N=12) were deeply anesthetized with chloral hydrate (500 mg/kg i.p.) and killed by decapitation. Brains were dissected and immersed in a Golgi-Cox solution (1 % potassium dichromate, 1 % mercuric chloride, 0.8 % potassium chromate) at room temperature for 14 days. On the 14th day, brains were transferred in a 30 % sucrose solution and then sectioned with a vibratome. Coronal sections (100 μm) were collected and stained according to the method described by Gibb and Kolb (1998) . Spine density was measured in dorsal hippocampus pyramidal neurons as described in Supplemental Materials and Methods.
Preparation of synaptosomes
Rats (N=21) were deeply anesthetized with halothane and killed by decapitation. Purified hippocampal synaptosomes were prepared according to Dunkley et al. (1986) with minor modifications (see Supplemental materials for details).
Western blots
The synaptosomal pellets (purified synaptosomal fraction) were lysed in around 100 μl of lysis buffer solution (LB) containing 1 % Triton X-100 (Serva, Germany), complete protease inhibitor cocktail solution (Serva, Germany), phosphatase inhibitor cocktail solution (Serva, Germany), TRIS acetate (20 mM), sucrose (0.27 mM), EDTA (1 mM), EGTA (1 mM), Na orthovanadate (1 mM), NaF, (50 mM); Na pyrophosphate (5 mM), Na β-glycerophosphate, (10 mM), and DTT (1 mM).
Bradford assay was run to estimate protein concentration for each condition and, immediately after, the samples were suspended in a Laemmli buffer. For each condition, 15 μg was resolved by 10 % SDS-polyacrylamide gels and blotted onto PVDF membrane (Serva, Germany). The resulting blotted membrane was blocked for 1 h at room temperature using Tris-buffered saline-Tween [(t-TBS; Tris (0.02 M), NaCl (0.15 M), Tween 20 % (0.1 %)] containing 5 % of skimmed milk. The membranes were then incubated overnight at 4°C with specific antibodies: 1:1000 mouse PSD-95 (6D677; Santa Cruz, USA), 1:1000 rabbit phospho-Synapsin (Ser9) (p-SYN; Cell Signaling, USA), 1:500 rabbit anti-Synapsin I (SYN; Novus Biologicals, USA), 1:4000 rabbit phosphoSyntaxin 1a (p-STX1a; Abcam, UK), 1:2000 rabbit Syntaxin 1a (STX1a; Synaptic Systam, Germany), and 1:30,000 mouse β-actin (Sigma Aldrich, Italy). Membranes were washed for 50 min in t-TBS, and then they were incubated for 1 h at room temperature with peroxidase-conjugated goat anti-rabbit or anti-mouse IgG secondary antibodies (UCS Diagnostic). After 50 min of washes in t-TBS, bands immunoreactivity was detected by enhanced chemiluminescence (ECL; WESTAR, Cyanagen, Italy). In all experiments where an evaluation of phosphorylated proteins was required, pan antibodies were applied on the same membranes after stripping procedure (stripping buffer from SignaGen, USA).
Release experiments
The synaptosomal pellet was then resuspended in physiological medium (standard medium) having the following composition (ph 7.2-7.4): NaCl (140 mM), KCl (3 mM), MgSO4
(1.2 mM), CaCl2 (1.2 mM), NaH2PO4 (1.2 mM), NaHCO3 (5 mM), HEPES, and glucose (10 mM (Raiteri and Raiteri 2000) . Synaptosomes were superfused at 0.5 ml/min with standard medium at 37°C. The system was first equilibrated during 38 min of superfusion, and then synaptosomes were transiently (90 s) exposed, at t=39 min, to high KCl-containing medium (12 mM, NaCl substituting for an equimolar concentration of KCl). Fractions were collected as follows: two 3-min fractions (basal release), one before (t= 36-39 min) and one after (t=45-48 min) a 6-min fraction (t= 39-45 min; evoked release). Fractions collected and superfused synaptosomes were measured for radioactivity. The amount of radioactivity released into each superfusate fraction was expressed as percentage of the total radioactivity. The K+-induced overflow was expressed as Binduced overflow (%)^and estimated by subtracting the neurotransmitter content into the first and the third fractions collected (basal release, b1 and b3) from that in the 6-min fraction collected during and after the depolarization pulse (evoked release, b2).
Novel object recognition test
A separate group of male Sprague Dawley rats (N=12) was injected daily with PPX (0.5 mg/kg; n=6) or saline (n=6) for 15 days. On days 13 and 14, rats were given two habituation sessions, during which they were placed in the open field (60×35 cm) and allowed to explore it for 5 min. The NOR test was carried out on the day after (day 15). The test session consisted of an additional habituation phase, followed by a 1-min interval before the sample phase and by the proper testing phase. In the sample phase, rats were exposed to two copies of the same object for 5 min. In the test phase, rats were presented with one object similar to the objects presented in the sample phase (Bfamiliar object^), to one novel object, and allowed to explore the Bfamiliar^and the Bnovel^objects for 5 min.
Behavior was recorded by means of a camera suspended above the open field. The number of contacts with the objects and total duration of contacts were counted offline by an experimenter blind to the treatment condition.
Statistical analyses
Group differences in CFL performance, LTP, and spine density were statistically evaluated by means of one-way analysis of variance (ANOVA) with treatment as main factor. PPX effect across sessions was estimated by a one-way ANOVA for repeated measures with treatment as main factor and sessions as repeated factor. Independent t tests (two-tailed) were used to detect western blot differences between VEH and PPX-treated rats. For NOR data, paired-sample t tests were performed to evaluate differences in the exploration of the Bfamiliar^versus the Bnovel object^within each group, whereas differences between groups in the amount of exploration of each object category were analysed using independent t tests. All statistical analyses were performed using SPSS, and statistical significance was set at p<.05.
Results
CFL task
During the operant phase, rats maintained a stable level of responding as well as of water intake. As expected, PPX treatment produced an initial strong inhibition of responding, which resulted in a decrease of water intake from the dipper. While responding gradually recovered over days, levels of water intake remained significantly different from those of controls [treatment: F(1,78)=119.9, p<.001; days×treatment: F(5,380)=9.5, p<.001; Fig. 1a, b] . Accordingly, the percentage of water consumed was significantly reduced by PPX [treatment: F(1,78)= 84.1, p< .001; days ×treatment: F(5, 380)=1.38, p=.22; Fig. S1a ].
In the choice phase, PPX-treated rats showed a preference for the contingent access, mirrored by a significant increase in the number of gained reinforcers with respect to saline-injected rats in which responding was instead progressively decreased. The enhancing effect of PPX on responding progressively emerged during the first 7 days of choice [treatment: F(1, 78) = 129.9, p < .001; days × treatment: F(6,456) = 13.4, p<.001] and remained stable in the following days [treatment: F(1,40) = 110.2, p < .001; days× treatment: F(6,180) = .82, p=.55; Fig. 1a] . Accordingly, the amount of water consumed through the operant access was significantly higher in PPXtreated rats than in controls, and again, this difference gradually emerged in the first 7 days [treatment F(1,78)=85.8, p<.001; days x treatment: F(6,450)=10.6, p<.001], with no further increase in the following days [days×treatment: F(6,180)=.53, p=.77; Fig. 1b ]. No differences in the percentage of water consumed were detected during the choice phase (Fig. S1b) .
PPX-treated rats progressively reduced their approach to the noncontingent resource, resulting in a significant decrease in bottle water intake during both the first 7 days [treatment: F(1,78)=178.6, p<.001; days×treatment: F(6,456)=60.3, p<.001] and the following days of choice [treatment: F(1, 40)=388.6, p<.001; days×treatment: F(6,180)=2.8, p<.05; Fig. 1c] . Consequently, the total amount of water drunk was significantly decreased by PPX treatment. The inhibitory effect of PPX developed in the first 7 days of choice [treatment:
F(1,78) = 69.9, p < .001; days× treatment: F(6,456) = 29.5, p<.001], stabilizing in the following days [treatment: F(1,40)= 120.6, p<.001; days×treatment: F(6,180)=2.0, p=.63; Fig. 1d ]. As long as PPX-treated rats obtained water mostly through the contingent access, their CFL rate significantly raised over the level of controls. Statistical analysis revealed that the effect of PPX on CFL emerged during the first 7 days of treatment [treatment: F(1,78)=159.7, p<.001; days×treatment, F(6,456)=41.9, p<.001], with no further significant enhancement in the following days [treatment: F(1,40)=303.0, p<.001; days×treatment: F(6,180)=1.1, p=.31; Fig. 1e ].
Electrophysiology
Basal synaptic function was unaffected by PPX treatment, as shown by similar input-output curves between groups [treatment: F(1,11)=.55, p=.47; Fig. 2a] . Paired-pulse responses were also comparable between groups, demonstrating that PPX does not interfere with short-term plasticity processes [treatment: F(1,12)=.03, p=. 87; Fig. 2b ]. Yet, we observed a significant decrease in the magnitude of LTP in PPX-treated animals compared with controls. In particular, synaptic potentiation, was 41±3 % above baseline in controls but only 25± 3 % in the PPX group [treatment: F(1,15)=12.1, p<.001; Fig. 2c ].
Spine density
Hippocampal dendritic spine plasticity was significantly affected by chronic PPX treatment [treatment: F(2,42)=2.7, p<0.05]. In particular, post hoc comparisons showed that spine density significantly increased in VEH-treated but not Fig. 1 Chronic systemic treatment with PPX enhances CFL. Graphs represent the effects of daily injections with saline or PPX on each day of operant (day 1 to 6) and choice phase (day 7 to 20). Histograms show the average of the 14 days of choice. a Reinforcers gained through lever pressing. b Intake of water from the lever-controlled dipper (contingent access). c Intake of water from the bottle (noncontingent access). d Total intake of water during the session (dipper+bottle water intake). e Percentage of CFL, representing the fraction of water drunk from the dipper over the total intake of water. Data are expressed as mean±SEM (*p<.05, PPX versus VEH) in PPX-treated rats compared to age-matched naïve animals (VEH vs naïve p<.05), therefore indicating that PPX treatment prevented CFL-induced structural hippocampal remodeling (Fig. 3a) .
Western blots
Western blot analyses revealed that chronic PPX treatment was also associated with modifications of synaptic proteins. First, PPX treatment augmented the activation of SYN 1 (1.51 ±0.19 vs VEH=1, t test p<.05) in hippocampal rat boutons, but no changes were observed in the phosphorylation of STX1a (1.29±0.22 vs VEH=1, t test p=.16; Fig. 4a, b) . In addition, PPX treatment drastically reduced the expression level of the scaffolding protein PSD-95 in hippocampal synaptosomes (0.33±0.16 vs VEH=1, p<.05; Fig. 4c ). Despite the changes in SYN1 phosphorylation, the 12 mM KClevoked [ 3 H]D-aspartate release from PPX hippocampal synaptosomes did not significantly differ from controls (Fig. 4d) , suggesting that the altered SYN1 phosphorylation was not sufficient to impair the release efficiency.
Novel object recognition task.
As shown on Fig. 5a , b, all rats explored more the novel object than the familiar object (control rats: contact duration t=4.4, p<.05; number of contacts t=2.4, p=.07, this latter effect being slightly below statistical significance; PPX-treated rats: number of contacts, t=4.9, p<.01; contact duration: t=6.2, p<.01). Independent t tests confirmed that NOR performance was similar in control and PPX-treated rats, which exhibited comparable number of contacts (treatment p=.57) and contact duration (treatment p=.43) with the novel object.
Discussion
The main finding of this study is that chronic administration of PPX promotes a progressive increase in the preference for contingent over noncontingent access to water and concurrently disrupts LTP at CA1 Schaffer collaterals. To our knowledge, this is the first report showing that PPX affects synaptic plasticity at CA1 hippocampal synapses. Data showing a greater selectivity of PPX for the D3 subtype both in vitro and in vivo might suggest that D3 receptors are primarily involved in this effect (Piercey et al. 1996; Collins et al. 2007; Tadori et al. 2011 ). In line with this hypothesis, it has been shown that stimulation of D3 receptors affects downstream effectors of synaptic consolidation in accumbal neurons (Sokoloff et al. 2013 ). In addition, layerspecific enhancement of LTP has been observed following acute D3 stimulation in the CA1 stratum radiatum, possibly through a D3-mediated inhibition of evoked GABAergic responses (Hammad and Wagner 2006; Swant et al. 2008 ). Nevertheless, a more likely explanation is that the observed PPX effects on LTP are caused by a reduced phasic stimulation of hippocampal D1 receptors that are highly implicated in early and late development of synaptic plasticity (Otmakhova and Lisman 1996; Stramiello and Wagner 2008) and strongly regulate phasic dopamine release (Dreyer et al. 2010) . Supporting this view, chronic PPX treatment resulted in a decrease in the percentage of VTA neurons discharging in bursts (Chernoloz et al. 2009 ).
Although the mechanisms whereby PPX affects LTP deserve further investigations, one major observation in this study is that PPX administration reduces expression levels of the scaffolding protein PSD-95, which are important for hippocampal synaptic plasticity and are strongly decreased in DA-associated neuropsychiatric diseases (Iasevoli et al. 2014) . Data showing that PSD-95 promotes the internalization of AMPA receptors in the postsynaptic membrane during synaptic consolidation (Ehrlich and Malinow 2004) and is required for LTP development at CA1 synapses (Zamanillo et al. 1999 ) suggest a causal link between PSD-95 levels and LTP expression. In addition, the observation that PSD-95-mediated phosphorylation and trafficking of AMPARs is under dopaminergic control (Swayze et al. 2004; Ladepeche et al. 2013 ) supports the possibility that PPX impinges on this process. Interestingly, PSD-95 is also involved in the complex machinery that controls activity-dependent dendritic spine formation and, consistent with the reduced levels of this protein following PPX treatment, PPX-treated rats did not exhibit the postconditioning increase in hippocampal spines in the CA1 region that occurs in their saline-injected conditioned counterpart.
PPX also elicited a significant increase in SYN1, but not of STX1, phosphorylation. It is known that phosphorylated SYN1 activates the neurotransmitter release cascade (Hilfiker et al. 1999) , whereas STX1 controls the last step of this cascade when vescicle membrane fuses with the presynaptic active zone (Zhou et al. 2013) . We may therefore hypothesize that the increased phosphorylation of SYN1 occurs as an adaptive mechanism to overcome synaptic weakening, Fig. 3 Spine density is increased in saline, but not in PPX-treated rats with respect to naïve animals in the CA1 area of the hippocampus. a Bars represent spine number (mean±SEM) per 1 μm segment along CA1 hippocampal dendrites. In the search of a link between CFL development and defective hippocampal plasticity, we tried to identify which function among those governed by the hippocampus might be more specifically disrupted by PPX treatment. Based on data showing that plastic modifications at Schaffer collaterals correlate with consolidation of working visuospatial memory (Langston et al. 2010) , which is also under dopaminergic D3 control (Watson et al. 2012) , it could be argued that PPX-treated rats hold on responding for water because they fail to recognize and/or remember how to access free water delivery in the experimental setting. Accordingly, we sought to determine whether PPX affects visuospatial memory by subjecting rats to the NOR task. This hypothesis was discarded as we could show that PPX did not alter NOR performance.
It is therefore apparent that PPX targets other hippocampaldependent functions. Among those, data suggesting a role for the hippocampus in the resolution of conflict between competing approach and avoidance tendencies (Gray and McNaughton 2000) or in the formation of simple response inhibition (Davidson and Jarrard 2004 ) provide a more suitable theoretical framework for interpreting our data. Regarding the response inhibition hypothesis, Davidson and Jarrard observed that inhibition is exerted when the same stimulus is embedded in both excitatory and inhibitory associations along the task as it is the case for the water-delivering lever, which has to be systematically pressed during the operant phase but not during the choice phase. Hence, it could be that PPX treatment selectively prevents the inhibition of ongoing contingent responding during the choice phase of CFL. Finally, a possibility exists that PPX interferes with the hippocampal regulation of motivation. As proposed by White (1959) , CFL being instrumental to survive in uncertain environments, CFL-associated contingent responding has self-reinforcing properties that need to be maintained even when more economical strategies are available. Considering that inactivation of the hippocampus facilitates attribution of conditioned motivation (Ito et al. 2008) , it could be that PPX mimics this effect thereby preventing the hippocampus to regulate the decrease in motivation for contingent responding.
It is therefore apparent that our results largely tap into the well-established relationships between hippocampal functioning and the exploration/exploitation dilemma. Even spatial navigation studies have considered the possibility that the hippocampus regulates the choice between exploration of new options and exploitation of already acquired strategies, which is a basic process in the expression of goal-directed behaviors (Pezzulo et al. 2013) . As far as exploration of alternative options is more demanding than exploitation of already acquired strategies in terms of cognitive effort, the latter is preferred unless relevant information about alternative options becomes available in the environment. This mechanism, which has been described in tasks based on spatial navigation, might apply to the perseverative contingent access that characterizes PPX-induced CFL (Keeler et al. 2014 ).
In conclusion, although a causal link between PPXinduced CFL development and inhibition of synaptic plasticity remains to be demonstrated, the compulsive operant response observed in PPX-treated rats appears largely consistent with a PPX-induced disruption of hippocampal regulation of behavioral flexibility.
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